Drinking of arsenic-contaminated water and the associated health impacts have been reported in developing and developed countries. Bangladesh is faced with the worst arsenic contamination of groundwater in the world, with an estimated 35 to 77 million people at risk of exposure to drinking arsenic-contaminated tubewell water. Lack of appropriate technologies has complicated and inhibited mitigation initiatives. This paper discusses the data obtained during efforts made to develop technologies for safe water supply by the Government of Bangladesh and its national and international partners. It is expected that the information will contribute towards development of appropriate technologies for water supply for millions of people in Bangladesh and other countries.
Introduction
The number of people served with some form of improved water supply rose from 4.1 billion (79%) in 1990 to 4.9 billion (82%) in 2000 (WHO and UNICEF 2000) . Water quality issues were not dealt with completely in the report. In reality, the challenge is further complicated and larger in scope when arsenic contamination of groundwater and other water quality problems are considered. Approximately 100 million people are chronically exposed to the risks of drinking arseniccontaminated water in Bangladesh, United States, Chile, Mexico, India, Taiwan and other countries (U.S. EPA 2000 EPA , 2001 ; Government of the People's Republic of Bangladesh 2000) . Chronic exposure to high concentrations of arsenic in drinking water has been associated with skin problems, cancers of the skin, lung, liver and kidney, cardiovascular diseases, neurodevelopmental disorders and other health problems (Brown et al. 1989; Buchet and Lison 1998; Tseng 2003; Chen et al. 1995; Chen and Ashoke 2004; Ahsan et al. 2004; Smith et al. 2000) . Drinking arsenic-safe water is the principal response from both preventive and treatment perspectives (Smith et al. 2000) .
The worst arsenic contamination of groundwater in history was recently observed in Bangladesh (Smith et al. 2000) . Arsenic was first detected in groundwater in Bangladesh in Chapainawabganj in 1993 (Government of the People's Republic of Bangladesh 1999). It was estimated in 1999 that 35 to 77 million people are at risk of being exposed to drinking arsenic-contaminated tubewell water (Government of the People's Republic of Bangladesh 2000) . The survey of sampled well water (n = 3534) from many parts of Bangladesh by the British Geological Survey and Bangladesh found that the arsenic content in water samples from 27% of the tubewells less than 150 m deep exceeded the Bangladesh standard (0.05 mg/L); 46% exceeded the WHO guideline value of 0.01 mg/L. In water samples from wells lower than 150 m, the same figures were 1 and 5%, respectively. Tubewell water in more than 80% of the districts was contaminated. There were about 11 million hand tubewells. Surface water is abundantly available, but it is heavily polluted with feces and other matter. The country is overburdened with poverty, health issues, disasters and other problems. About 95% of the people drank hand tubewell water in 2003 (UNICEF and Bangladesh Bureau of Statistics 2004) . Until the recent arsenic contamination, Bangladesh was recognized as one of the few developing countries that had achieved remarkable, near-universal success in the supply of safe drinking water through tubewells.
The sudden recognition of the massive arsenic contamination of groundwater created panic at all levels. Many national and international organizations were involved in the development and/or promotion of arsenic mitigation technologies for water supplies to provide relief to millions of individuals consuming arsenic-contaminated water. Some technology options were adopted without rigorous testing (Boerschke and Stewart 2001) and have failed when applied in the field (Boerschke and Stewart 2001; Hoque et al. 2004 Hoque et al. , 2000 . Failure of technologies has led many communities to lose confidence (Boerschke and Stewart 2001; Hoque et al. 2000) in addition to the hampered progress of the mitigation initiatives.
This paper presents a discussion of the technologyrelated challenges faced in arsenic mitigation for a sustainable water supply in Bangladesh. Availability of appropriate technologies for water supply is central to all arsenic mitigation efforts in developing countries. In fact, knowledge about conventional technologies for arsenic mitigation of water supply exists. The challenge is in the development of appropriate technologies. These appropriate technologies have been described in the literature and are often explored in developing countries from low-cost perspectives (Hoque 2003) . It is expected that the discussion based on a real situation will contribute to the further interest for developing and promoting appropriate arsenic mitigation technology for safe water among the professionals in the developing and developed countries.
Materials and Methods
The paper reviews information about drinking water technologies installed and promoted in Bangladesh based on available literature. It also discusses data from research on community participation in arsenic mitigation for water supplies in rural Srinagar Unions (Hoque et al. 2004) and Kalia sub-district ) by some of the authors. Various water technologies were promoted, installed and observed in both areas after arsenic screening of water samples from all existing tubewells and education about arsenic mitigation at the community level.
The appropriateness of the technologies available were compared based on selected variables such as quality of supplied water with regard to safe levels of arsenic and concentration of fecal coliform bacteria (FC), cost and affordability, acceptability by the users, operation and maintenance requirements, availability of water throughout the year, environmental friendliness and other observed issues.
Existing primary policies on drinking water and their development during the discussed period are presented as they have an important relevance to the development and promotion of the technologies. The 1998 National Policy for Safe Water Supply and Sanitation (NPSWS&S) and the National Water Policy (NWP) are the main policies on drinking water and its management in Bangladesh. The NPSWS&S is the basic policy document for water supply. Its goal is to ensure that all people have access to safe water at an affordable cost. It recognized organic, social and economic values of water. The NPSWS&S was supplemented by the 2004 National Policy for Arsenic Mitigation and Implementation Plan (NPAM & IP), which suggests at least one safe water option for 50 families taking into consideration the available safe hand pumps and new facilities installed in 80% of arsenic-contaminated villages (emergency areas). As in emergency response, no sharing of capital cost for safe drinking water was borne by the people in more than 80% of contaminated villages. The policies also call for a safety net for the very poor for water supply and sanitation. The users will bear 100% of the O&M costs. Research and development and promotion of a wide range of appropriate technologies are also strongly recommended.
Water Supply Options
Arsenic mitigation technologies (options) for water supplies may be grouped based on required types of treatments and sources of water to make water drinkable (Fig. 1) . They may be grouped as follows: (i) arsenic removal options-collect water from arsenic-contaminated groundwater/tubewell and treat it as required. The technologies promoted were mainly after oxidation, passive sedimentation, co-precipitation and adsorption, sportive filtration media and ion exchange. The details about the technological processes may be found in Ahmed et al. (2001) and BAMWSP et al. (2001) Rapid Assessment of Household Level Arsenic Mitigation Technologies was the first scientifically based, independent, comparative assessment of the performance and acceptability of a range of arsenic removal technologies at the household level (BAMWSP et al. 2001; Sutherland et al. 2001) . It looked at nine technologies that met the following criteria: previous encouraging results, user-friendliness, readily available to investigators, and the proponent organizations were willing to participate in the comparative assessment. The options included Alcan enhanced activated alumina (Alcan), Adarsha filter (AR), BUET activated alumina (BUET-AA), DPHE/Danida 2 bucket system, passive sedimentation, GARNET homemade emergency filter, Sono 3-kolshi filter, Stevens Institute Technology (Stevens) and Tetrahedron. The study included two phases; Phase I assessed which of the technologies reduced arsenic below the 0.05 mg/L Bangladesh standard for specified/tested water chemistry according to the strict operating instruction in a controlled setup by the project team. Phase II studied arsenic removal, non-arsenic water chemistry, bacteriological quality and social aspects of the options which passed Phase I under normal operating conditions by the households over a thirty-day period. Cost and environmentally safe disposal of sludges were included in the support service. Support service was recognized as important but not considered in the assessment.
Alcan, BUET activated alumina, Sono 3-kolshi, Stevens and the Tetrahedron passed the arsenic removal tests. GARNET and DPHE/Danida passed the test under certain conditions and the Adarsha filter and passive sedi-mentation failed the test (Sutherland et al. 2001) . Overall, the main observed concerns were one or more of the following: lack of consistent arsenic removal efficiency, bacterial and other chemical contamination, amount of work needed on the part of users to operate and maintain the technology and the volume of water that was available on a daily basis. It may be mentioned that heavy FC bacteria contamination was observed in all options, except in water samples from Stevens and Tetrahedrons. The study suggested that microbiological contamination is relatively easy under the rural conditions in which technologies are required.
Alcan, Sono 3-kolshi, Tetrahedron and/or the community-based arsenic removal option Siedko water technologies were installed essentially during the same period by government and non-government organizations in community-based projects (Hoque et al. 2004 (Hoque et al. , 2000 Zakaria 2000; BRAC 2000) . Poor results for Alcan, Tetrahedron and Sono 3-kolshi with regard to arsenic and/or microbiological contamination in water were observed in community-based projects (Hoque et al. 2004; BRAC 2000) . Almost none of those options were observed in use in the promoted areas after several months of installation (Hoque et al. 2004; Zakaria 2000) . By then, the National Policy for Arsenic Mitigation suggested that marketing of any arsenic removal technology should not be allowed without proper testing and validation from the Bangladesh Council for Scientific and Industrial Research (BCSIR). BCSIR is supported by activities under the Bangladesh Arsenic Mitigation Water Supply (BAMWSP), CIDA and other organizations. Assessment and verification is based upon specified protocols approved by the National Committee of Experts on Arsenic.
Recently BCSIR/Government of Bangladesh evaluated a few options and gave provisional certificates to four options (Alcan, Sono, READ-F and Siedko) to be promoted as specified for certain water quality conditions and under controlled observations.
Alternative Options
The Policy states that access to safe water for drinking and cooking shall be ensured through implementation of alternative water supply options in all arsenic-affected areas. The technologies mainly include: (i) arsenic-safe improved dugwells, arsenic-safe shallow and deep hand tubewells, and small-scale piped water supply systems from groundwater sources, (ii) pond sand filter and large-scale surface water treatment plants from surface water sources, and (iii) rainwater harvesters.
Of the promoted options, sharing of the existing safe tubewells was most widely used (Hoque et al. 2004 (Hoque et al. , 2000 Zakaria 2000; BRAC 2000; van Geen et al. 2002; Rosenboon 2004; UNICEF and JICA 2005) . The highest demand for deep tubewells was observed in projects where only alternative technologies were promoted as well as when both alternative and arsenic removal options were installed. However, serious concerns were widely expressed about the physical and social problems in transporting water from long-distance shared tubewells.
Dugwells have so far been one of the most commonly promoted new options. Dugwells were in use before the promotion of tubewells, a decade ago. In many situations the abandoned dugwells were rehabilitated and improved to facilitate aeration in the system through ventilation. Dugwells were basically accepted and used by the public (Hoque et al. 2000 Zakria 2000; van Geen et al. 2002; Rosenboon 2004) .
Various designs of pond sand filters were promoted to coastal areas before arsenic mitigation programs. They were also promoted across the country by the programs; the acceptance varied from low to high (Zakria 2000; van Geen et al. 2002; Rosenboon 2004) . For ponds and surface water bodies, the technology requires that there is enough water throughout the year, that it is not flooded and that the level of contamination is kept to a minimum by no fish farming or connection to other open water systems. The availability of year-round water is difficult. Ponds with year-round water are usually used and preferred for fish farming. Low to very high biological contamination was reported (Hoque et al. 2000 Zakria 2000; BRAC 2000; Sutherland et al. 2001; van Geen et al. 2002; Rosenboon 2004) . Chlorination and other methods of disinfection were suggested (Hoque et al. 2000; UNICEF and JICA 2005) . Boiling, filtration or a combination of the two methods for surface water was not appreciated by the public, and boiling is not affordable by many. People also expressed concern about the quality of pond water even after boiling and filtration. They preferred the quality of river and flowing water over that of pond water, as according to them flowing water was not that polluted. It is seen that the river and its connected water bodies increasingly dry out during the summer season.
Performance of Technologies in Srinagar and Kalia
The pioneering rural cluster-based piped water scheme was probably researched in the Srinagar Union (Hoque et al. 2000) . About 85% of the 912 tested tubewell water samples from the project area showed arsenic content higher than 0.05 mg/L. The project promoted eleven types of options; cluster-based piped water supply from groundwater, deep tubewell, household rainwater harvesting, pond-sand filter, dugwell, arsenic treating Sono 3-kolshi filter, arsenic treating GARNET emergency filter, arsenic treating adsorption SIEDKO filter, Alkane, filtration-boiling of surface water, and sharing of safe shallow tubewells. Promotion of a piped water option was originally not included in the proposal. Installation of a piped system was included on demand from the local women. They community-shared about 49, 25 and 20% of the cost of installation of piped water, home-based and filter options, respectively, and about 100% of all operation and maintenance (O&M) costs. Installation of community chosen options are presented in Table 1 .
The most used options were piped water followed by deep tubewells. The annual O&M costs/family of both pipe water and deep tubewells were less than US$10. The options were operated by users at no cost. As the deep tubewells or piped water systems became accessible, the household-based options and all arsenic removal options were abandoned. Reportedly, those options required too much care, discharged small volumes of water at low rates, were difficult to maintain, were not affordable to maintain, and/or discharged poor-quality water. People did not agree to install pond water based options as there were no safe ponds, and they saw a conflict of water use with fish farming. They did not install the rainwater harvesting options since those were perceived to be temporary and seasonal solutions. Overall, most people were concerned about arsenic contamination but not willing to drink water which tested or smelled bad, was regarded inferior to the tubewell and was difficult to manage.
The research in Kalia ) and elsewhere (UNICEF and JICA 2005) also reported highly satisfactory performance of rural piped water supplies (Chen and Ashoke 2004) . The main objective of the Kalia project was to provide arsenic mitigation safe water supply through built community response capacity. It included promotion of alternative water options followed by installation of informed community/beneficiary chosen alternative water options. Of the tested 12,094 drinking tubewell water samples, 8147 (73.3%) samples were observed to be contaminated by arsenic above the Bangladesh standard. Approximately 208,300 people drank arsenic-contaminated water during the baseline survey. There were 136 villages with more than 80% contaminated tubewells. The project installed 6 pond sand filters, 194 improved hand pump-dugwells (DW), 196 rainwater harvesters, 25 shallow shrouded tubewells, 110 deep tubewells and one deep tubewell-based village pipe water system to supply safe drinking water to 55,000 people. The user community shared about 10 to 20% of the installation costs and 100% of the O&M costs. Almost all drank water from the installed options. Deep tubewells and piped water systems were the most sought-after technologies. All technologies, except some dugwells and almost all rainwater water harvesters, provided drinking and cooking water throughout the year.
The fecal coliform bacteriological quality of drinking water was not satisfactory for most of the water samples; only about 35% of the samples showed nil fecal coliform count. The Bangladesh standard as well as the WHO recommended standard for safe drinking water is nil fecal coliform bacteriological count. Most of the dugwell and all pond sand filter water samples showed the contamination. Water samples from approximately 95% of the deep tubewells and piped water taps did not show fecal coliform contamination. Applied research on implementation of comprehensive water safety and appropriate technology for disinfecting water at the option source/site and household level was conducted . It developed preliminary simple chlorination technologies for disinfection at dugwell, pond sand filter and rural piped water systems. It showed that the water from the options with simple chlorination technologies were safe. The acceptance of the chlorine smell was challenging in the beginning. Bleaching powder is commonly known for its use in washing clothes and cleaning stained materials, so the thought of its use in drinking water was not well received. Most users did not like the odour of the drinking water when the concentrations were higher than 0.2 to 0.3 mg/L chlorine residual. The acceptance level improved as user education progressed. Observation of the community adoption of the chlorination technique is ongoing. The best results of chlorination for safe water supply were obtained through piped water systems.
A Comparison of Performance of Approved Options
Specified performance monitoring indicators of the Policy-approved latest arsenic mitigation technologies for water supplies are compared in Table 2 . The microbiological data for arsenic removal technologies are from the literature (Hoque et al. 2004; Zakaria 2000; BRAC 2000) . Three of the four provisionally certified arsenic removal options were installed under controlled conditions by a few organizations and the data presented here are from the Grameen Shikha Project (Zaheed et al., pers. comm.) and Hoque et al. (2004) . The Project Officer mentioned that according to the documents supplied by Proponents Alkane, Read-F and Siedko, replacement filters will be required after about 10,000, 10,000 and 80,000 L of water treated and it will cost approximately Tk. 1200, Tk. 1200 and Tk. 80,000 per filter, respectively (Zaheed et al., pers. comm.) . The data for alternative technologies are from the Kalia Project , Rosenboom (2004) and UNICEF and JICA (2005) . The water and costs were estimated based on the assumptions that 8 L per capita will be required for drinking and cooking and there are 5.2 persons per household. Tk. refers to Bangladeshi currency (Tk 59 was approximately equivalent to US$1).
Microbiological information about the provisionally certified performance of the arsenic removal options could not be located as it was yet to be monitored; however, arsenic removal efficiency was high. Of the arsenic removal options, only Siedko was a community-based option. None of the removal or alternative options presented have disinfection provisions. According to Zahed et al. (pers. comm.) it is too early to comment on the appropriateness of the arsenic removal options as most of the options did not require replacements/maintenance and were not yet monitored for microbiological quality. Alcan and Sono, once contaminated, harbour bacteria in the sand filters and are not readily flushed by further clean batches of feed water (BAMWSP et al. 2001) . Arsenic removal efficiency of Read-F was satisfactory. It was not reportedly preferred by most of the users as its collection mechanism of treated water was found inconvenient. The observation of the basic sanitary conditions of arsenic removal options (BAMWSP et al. 2001 ) as well as alternative options suggest that microbiological contamination routes and processes are likely to vary from house to house and between options. The average costs of installation per household of all alternative technologies, except rainwater harvesters and piped water systems, were lower than those of the arsenic removal options. Annual operation and maintenance costs of all alternative options, except piped water, were lower than those of arsenic removal technologies. The installation and annual O&M costs of piped water, out of all alternative options, were similar to the costs of arsenic removal option. However, the O&M cost of small cluster-based pipe water systems operated by the users in Singair was significantly lower than that of the Kalia pipe water operated and cared for by a trained, paid caretaker (Hoque et al. 2004) . Also, demand for safe groundwater-based piped water was one of the highest among the options when widely promoted. Overall, arsenic-safe shallow tubewells, deep tubewells and deep tubewell piped water systems showed the highest potential as appropriate technologies. However, deep tubewells are not suitable for all areas ) and national policies also do not recommend it for all areas. In Kalia there were 10 villages where none of the alternative options were found suitable for safe water supply.
Discussion
Earlier study found that rural people link access to safe and improved water options with improved wellbeing. Community-based options, particularly piped water systems require more pilot testing. Potentials of small deep tubewell-based neighbourhood piped water systems are reported (Hoque et al. 2004 UNICEF and JICA 2005; Ahmed et al. 2003) . Further research on institutional affordability and other aspects are recommended. Research on arsenic removal-based piped water systems should be considered. When the treatment is controlled by a system, the relevant operation, maintenance and support services may be easier to be managed than the household options. The principles used for household options are valid and have been used in conventional water treatment plants.
Lack of research support, repeated mistakes, low recognition of local experts and inadequate interest for developing appropriate technology/options contributed to the problem. An earlier study on sustainable use of improved water and sanitation options showed that people used it from wellbeing perceptions after the project period (Hoque et al. 1996) . Similar views were expressed about the preferred technology by women in Srinagar when various water technologies were discussed leading to the demand for piped water supply (Hoque et al. 2004) . For arsenic contamination, health problems are often not visible or take a long time to become apparent, so the people are often not convinced of them. We believe that research and development as well as promotion of an appropriate technology should be considered from sound science, in addition to its cost/affordability and availability. Low cost should not be the main determinant of drinking water technology. It may be argued that for drinking water among poor populations, subsidies for installation should be given adequate consideration. Building the capacity of the poor to access and operate and maintain an appropriate technology properly was beyond the scope of this paper but it is important and given due consideration.
Conclusions and Recommendations
In general, the water supply program in Bangladesh is point-or household-type. The paper demonstrated that arsenic-safe shallow, deep tubewells and piped water systems were the most appropriate technologies among all the approved arsenic removal and alternative options. The gap between formal assessment and the real situation results of the arsenic removal options confused the Government of Bangladesh and other stakeholders. Consequently, wide promotion of arsenic removal options has been stopped until the development can be confirmed through further research. Because these common and mostly poverty-burdened people invested fortunes to install their tubewells only a few years ago, they will be confused if too many changes are suggested based on incomplete information. The government and development partners undertook appreciable roles in developing the technologies and policies. The development in policies played important roles in the arsenic mitigation for water supply.
There are, however, constraints in promoting these three water technologies for the tens of millions of affected people and in various hydrogeological conditions throughout the country. A wide range of appropriate technologies needs to be developed and promoted. Also, the issue about how to deal with the existing millions of arsenic-contaminated tubewells should be considered. Therefore, research and development of sound science-based arsenic removal and alternative appropriate technologies is urgently recommended to realize arsenic mitigation for safe drinking and cooking water in line with the Millennium Development Goal for safe water. It is also suggested that following a World Water Forum 3 recommendation that appropriate technology be developed from a holistic approach incorporating need-based sound science, including efficiency, environmental friendliness, easy operation and maintenance, cultural acceptability, affordability, local resource usability and other sustainability factors (Hoque 2003) . It is important that the appropriateness of a promoted water technology is given due consideration in all conditions in order to achieve safe drinking water for all.
